Foliar virulence of Phytophthora infestans isolates to two Solanum betaceum cultivars, Red and Yellow, was characterized using a detached leaf assay. Six P. infestans sensu lato isolates from S. betaceum belonging to at least two different populations were included (representing the EC-3 clonal lineage and a population that was not previously reported). Three isolates from potato (representing the EC-1 clonal lineage) were included in order to determine their ability to attack S. betaceum cultivars and whether there was difference in virulence between these and isolates from S. betaceum. Significant variation for virulence parameters was found between isolates, isolateorigins, and cultivars. Infection frequency, sporulation intensity, and incubation period allowed differentiation of EC-1 isolates from S. betaceum isolates. Isolates infecting both cultivars exhibited significantly higher values of infection frequency and sporulation intensity and lower latent period values. Cv. Red showed significantly higher values for area under the lesion expansion curve (AULEC), and final lesion size (FLS) and lower values for incubation period (IP) in comparison with cv. Yellow. These results demonstrated that there are two separate populations of P. infestans attacking S. betaceum each with specific virulence towards two different cultivars of Solanum betaceum. Key words: detached leaves assay, EC-1 clonal lineage, EC-3 clonal lineage, late blight, tree tomato.
INTRODUCTION
Solanum betaceum, or tree tomato, is a fast growing tree originated in South America. Wild populations are known to occur in the Andean mountains of southern Bolivia and northeastern Argentina, the region regarded to be its center of origin (Bohs, 1991) . Domestic populations have been introduced in many tropical and subtropical areas around the world. Two centuries ago S. betaceum was already grown as a crop in South Africa, India, Hong Kong, China, United States, Australia and New Zealand (Bohs, 1989) . It is presently of particular relevance as a crop in the highlands of Southern and Central America and New Zealand. In Colombia, it is mainly cultivated in the Northwest and Southwest (particularly in the Nariño and Putumayo departments) and it became a vital element for the local economy, particularly for small farmers and is one of the most promising products under the classification of non-traditional export products (Duque & Morales 2005; MAG 2005a; MAG 2005b; MAG 2005c) .
Two different Phytophthora species, andina/ infestans, have been reported as coexisting on this host in the Solanum betaceum growing area, however the taxonomic status of P. andina remains uncertain (Cardenas et al., 2011) . The name Phytophthora. infestans will be used for the isolates/populations discussed in the present publication in this document in its sensu lato (s.l.) definition. EC-3 populations of P. infestans s.l. were proposed as a new candidate specie, P. andina (Oliva et al., 2010) and are involved in disease on Solanum betaceum crops in Ecuador (Adler et al., 2004) . Members of this clonal lineage belong to the A1 mating type and are characterized by Gpi (86/100) and Pep (76/100) allozyme genotypes, and the Ia mtDNA haplotype. EC-3 populations are closely related with the Anarrhichomenum complex and genetically are distinct from P. infestans populations from potato and tomato. These populations are regarded as possibly having a palaeoendemic origin and their presence/arrjval in South America is still puzzling (Adler et al., 2004) . Alleles and mitochondrial haplotypes of this population had not been previously reported for other worldwide populations, which supports this explanation. EC-1 clonal lineage coexists with EC-3 in the same region and are the dominating populations on crops of Solanum tuberosum and Solanum lycopersicum (Gomez-Alpizar et al., 2008 , Oliva et al., 2010 Cardenas et al., 2011) .
Regardless of economic importance, there are no commercially available cultivars of S. betaceum with well-recognized pathogen resistance. In the Southwest region of Colombia, two semi-domesticated cultivars or landraces are widely grown. They are easily distinguishable by fruit color and are known as cv. Yellow and cv. Red. Additionally, they can be differentiated based on texture, leaf-shape and organoleptic characteristics of the fruit. Local farmers in the Colombian Southwest attribute different levels of late blight resistance to the Yellow and Red cultivars. However, resistance of these cultivars against P. infestans populations has not been measured.
The objective of this study was to test the hypothesis that isolates of P. infestans s.l. associated with S. betaceum (EC-3, Sb-isolates) differs in terms of virulence from those associated with S. tuberosum (EC-1, St-isolates). For this purpose, five-virulence parameters were measured (infection frequency, sporulation, disease intensity, area under lesion expansion curve, final lesion size and incubation period) in a detached leaf assay using two cultivars/landraces of S. betaceum. Additionally, putative differential resistance of these cultivars was compared using the virulence parameters calculated during the detached leaf assay.
MATERIALS AND METHODS

Isolates of P. infestans
Three EC-1 isolates and five EC-3 from S. betaceum were selected from the collection of the Genetica de Patosistemas Group (GENPAT) at the Universidad de Nariño (Table 1) . These isolates were collected from potato and tree tomato growing regions in the departments of Nariño and Putumayo during 2007. They were isolated from typical sporulating lesions (Figure 1 ) using Sb-agar, a medium consisting of: 100 mL/L of tree tomato juice (425 g of fruit to 500 mL), 100 mL/L of pea broth (225 g of boiled pea during 30 min, filtered and dissolved up to 500 mL), agar (18 g/L) supplemented with rifampicin (0.02 g/L), mycostatin (0.05 g/L), ampicillin (0.10 g/L) and benomyl (Benlate 50%) (0.1 g/L). Colonies were incubated at room temperature (approximately 15 o C during two weeks) and after initial growth mycelium from colonies was transferred to plates of Sb-agar. Sporangia suspension (10 5 sporangia/ mL) was obtained by flooding 2-week-old cultures on Sb-agar plates with 1.5 mL sterile water. Zoospores were released by chilling the sporangia suspension at 4 o C for an hour and used for inoculation.
Virulence assay
Clonal plants from Red and Yellow cvs. were used for the detached leaf assay. These plants were grown under field conditions in the Sibundoy Valley (Vereda El Cascajo), department of Putumayo. Plants without visible symptoms of any disease were selected for this assay. Three fully expanded healthy leaves were assigned randomly to each isolate-cultivar combination. Each leaf was washed in tap water, towel-dried and placed with their abaxial side upwards on lids of Petri dishes (20 cm diam) floating inside transparent plastic boxes containing a layer of water internally. These boxes were used as humidity chambers for inoculation and incubation. Each leaf was inoculated with four 25 µL droplets of the previously described sporangia suspension. Droplets were placed at each side of the main vein between the second and third veins and the penultimate and antepenultimate vein. They were maintained at 4 o C for 
Measurement of virulence-related variables
Leaves were analyzed every 24 h for a week. Parameters measured were infection frequency (IF), sporulation intensity (SI), area under lesion expansion curve (AULEC), final lesion size (FLS) and incubation period (IP). IF was estimated as the proportion of inoculated sites that developed sporulating lesions after seven days. Lesion size was recorded daily using a digital photographic camera and measured using the software Tpsdig version 1.37. (F. James, Rohlf, Ecology & Evolution, SUNY, Stony Brook, NY), which was also used for estimation of AULEC and FLS. Each leaf and each lesion in a digital picture were outlined and saved as a JPG file and analyzed by Tpsdig software. Resulting pixels were converted to measurement units (cm) using a scale pattern inside of each picture. AULEC was computed in an MS Excel file from daily measurement of lesion size during seven days. IP was calculated as the number of days between inoculation and the lesion development. SI was estimated as the number of sporangia produced per cm 2 of lesion area 7 days after inoculation. To perform this measurement, sporangia were washed from lesions with 0.5 ml of demineralized sterilized water and counted under a microscope on 3 aliquots of the resulting suspensions using a haemocytometer.
SI, AULEC and FLS were not normally distributed; log10 transformations resulted in sufficient normality of the data. These are presented as mean log10. The relationship between components was estimated through Pearson's correlations coefficient. Data was subjected to analysis of variance using the general linear models of Statgraphics Software 5.1 (Statistical Graphics. Corp. 1994 . Data was pooled only when the hypothesis of equal variances was not rejected. The null hypothesis of equal variances was tested at the 95% confidence level using the Levene's test.
RESULTS
Wide spectra of virulence were exhibited between isolates ranging from incompatibility reactions to quantitative differences in infection (Table 2) . A significant effect of cultivar, isolate and isolate-origin was generally detected for virulence parameters (P<0.05), but interaction effects were not significant (Table 3 and 4). Statistical differences between the virulence parameters of isolates from S. betaceum and S. tuberosum on S. betaceum indicates specific virulence of Sb-isolates based on a high IF and SI, and a low IP on both cultivars (P<0.05) (Table  4) . However, when individual isolates were analyzed, the weakest pathogenic Sb isolates could not be distinguished from potato isolates. This effect was clear for cv. Yellow, the relatively resistant cultivar, where only isolate 704 could be distinguished from potato isolates ( Table 2 ). Highly significant (P < 0.001) correlations were found between IF and LP, SI and AULEC, SI and FLS; and AULEC and FLS (Table 5) . Isolates from S. betaceum, as a group, were more aggressive than those from S. tuberosum on the two tested cultivars considering IF, SI and IP parameters without influence of each cultivar (Cultivar × Isolate origin > 0.05) (Table 4) . However, some S. betaceum isolates had indistinguishable virulence as compared to potato isolates. No isolate exhibited specific virulence on any of the cultivars (Table 4) . Only one strain among the three obtained from S. tuberosum was not infective (non-compatibility reaction) in either of the two cultivars of S. betaceum (Table 2) .
IF and IP were strongly inversely correlated, however SI was not correlated with IF or IP (Table 5 ). In the case of incubation period, basically the most virulent isolates (the highest values for these three parameters) differed significantly from the other isolates, regardless of whether they were Sb or St-isolates. Some weakly aggressive isolates from S. betaceum were grouped together with S. tuberosum isolates. Besides, each cultivar of S. betaceum was severely infected by different isolates in concordance with these three parameters. On cv. Yellow isolate 704 exhibited the most significant values for all these variables, and on cv. Red isolates 154 and 120 exhibited the most significant values. The cultivars had a significant effect on several disease parameters, but this is not regarded as enough to differentiate highly aggressive isolates. Isolates virulence differed on each cultivar. This was particularly clear for S. betaceum isolate Sb121 which was able to attack cv. Yellow but had an incompatible reaction with cv. Red.
Quantitative resistance differences were observed between cultivars. Cv. Red exhibited significantly higher values for AULEC and FLS and lower values for IP as compared with cv. Yellow (Table 6 ). Based on the results obtained for these parameters, cv. Red can be considered more susceptible to the pathogen. Differences in resistance between cultivars were totally associated to parameters related with lesion expansion (AULEC, FLS and IP). These parameters were previously reported as responsible for host-differentiation in field assays (Carlisle et al., 2002) . However with exception of IP, these parameters were not associated to host-differentiation of S. betaceum isolates and EC-1 individuals. IF and SI were the critical parameters determining host-specificity.
DISCUSSION
This study proposed to test the hypothesis that P. infestans s.l. individuals isolated from S. betaceum and S. tuberosum have a range of different levels of virulence on two S. betaceum cultivars. We confirmed this hypothesis and found a range of levels of virulence among such isolates (Table 2 and 3) as has been found for studies on other P. infestans populations. Also differential virulence on S. betaceum of isolates of P. infestans from S. betaceum and S. tuberosum (EC-1 clonal lineage) was found. This quantitative hostspecificity can be considered an additional example of differential virulence previously reported in P. infestans s.l., in which host-isolates are best adapted to their original host (Garry et al., 2005; Legard et al., 1995; Oyarzun et al., 1998; Suassuna et al., 2004; Vega-Sanchez et al., 2000) . These quantitative differences were represented on IF, SI and IP. Previous reports from Uganda and Kenya (Vega-Sanchez et al., 2000) did not show any significant difference in IF between host-isolates and their hosts (S. lycopersicum and S. tuberosum). However, low values of IP and high values of IF can explain pathogen fitness on host (Lebreton et al., 1999) .
Pathogen sporulation is an important component of pathogen aggresiveness. If an individual in a population sporulates more abundantly, it obtains more opportunities for establishing its genes in the genetic pool of the population (Lebreton et al., 1999; Suassuna et al., 2004) . High sporulation levels are typically found for pathogenic fungi inoculated on their original host and it is a characteristic of its field fitness and capacity for dissemination through the host population. Field studies of P. infestans -S. tuberosum relationships have shown that late blight epidemics are linked to high sporulation capacity of P. infestans, a feature typical of a polycyclic disease (Lebreton et al., 1999; Spielman et al., 1992) . Sb-isolates showed a highly significant SI compared with St-isolates. Regardless of isolate or isolate-origin, a significant effect of cultivar on SI was detected, but different isolates had the highest values on each cultivar. SI did not show any correlation with other virulence parameters and can be considered an independent feature able to determine host species-specificity. Adler et al. (2004) reported that in-leaf test, petota isolates were unable to infect S. betaceum, an example of host-incompatibility. However, in this research, individuals of the clonal lineage EC-1 (belonging to the petota section) were able to infect and sporulate at low levels on Solanum betaceum leaves, in a clear example of host-specificity. Nevertheless, a simultaneous-field research using PCR detection of P. infestans never detected EC-1 clonal lineage on S. betaceum (Mideros-Bastidas MF, Burbano-Figueroa O, Lagos-Mora LE, 2009 -unpublished data). Hostincompatibility was observed in isolate cases for isolates obtained from S. tuberosum and S. betaceum. Quantitative host-specificity and incompatibility reactions observed for isolates obtained from Solanum betaceum shows how diverse pathogen virulence and host-response mechanisms of Solanum betaceum -P. infestans s.l. interaction can be. Isolates virulence differed on each cultivar, a condition that was evident for S. betaceum isolate Sb121 which was able to attack the cv. Yellow but showed an incompatible TABLE 6 -Resistance of S. betaceum cultivars against P. infestans measured as virulence components during a detached leaf assay reaction on cv. Red. This is in general the typical behavior of a population of P. infestans facing different cultivars of potato with race non-specific resistance (Day & Shattock 1997 ). Phytophtora infestans s.l. populations have clonal structure in South America, but differences in virulence between isolates within populations that infect S. tuberosum and S. lycopersicum were previously reported. In this study, isolates within the clonal lineage EC-1 (potato-specific) show variability, but the variability in virulence between isolates from this clonal lineage and S. betaceum isolates is larger. The highly aggressive Sb-isolates included isolates with an unknown mitochondrial haplotype (Hsb-I).
Isolates from S. quitoense in Nariño have a similar pattern (Mideros-Bastidas MF, Burbano-Figueroa O, Lagos-Mora LE, 2009 -unpublished data) . There is clear evidence that the populations of P. infestans s.l. on S. betaceum are not restricted to the clonal lineage EC-3, but could include new clonal lineages with new mitochondrial haplotypes and differential virulence levels. This study and a simultaneous field study (Mideros-Bastidas MF, Burbano-Figueroa O, Lagos-Mora LE, 2009 -unpublished data) demonstrated that occurrence of this new strain is not a casual event.
It is a common event, which implies the presence of two aggressive clonal lineages associated with an epidemic event. Isolates inside these clonal lineages show variability but not significant differences between them (data not shown) for all components measured. This new haplotype is widely distributed and have virulence at a level similar to the previously reported EC-3. This is the first report of two specific aggressive populations of P. infestans s.l. attacking S. betaceum simultaneously (P. andina populations). Exceptions to the one-host/one-pathogen hypothesis were previously reported. In Ecuador pear melon (Solanum muricatum) is generally attacked by the clonal lineage US-1, however on some locations is attacked by EC-2. Both populations showed high levels of virulence and correspond to two different genetic populations with different mating types and consequently there is a high risk of sexual recombination (Ordoñez et al., 2000) . The mating type of the new haplotype is unknown, but if this is the case, we are facing a similar scenario involving sexual populations of the pathogen.
Quantitative differences in virulence related to host-specificity can be explained by reproductive isolation associated with different environments where these crops are grown and the pathogen survives. Solanum betaceum is grown mainly in midland areas (between 1500 -2000 m.s.l.) while S. tuberosum is preferably grown at higher altitudes (>2500 m.s.l.). Additionally, presence of inoculum at high altitudes on S. betaceum is low and not related to epidemic events. Possibly, Sb-populations are intolerant to high altitudes. In the interandean valleys the context is different, areas of these two crops overlap and different populations of the pathogen coexist. However, an EC-1 isolate has never been isolated from S. betaceum. Other studies have shown that in the absence of inoculum, an epidemic can be initiated by a non-specific pathogen. However, in the case of S. betaceum certain conditions like its perennial nature and the high relative humidity of growing areas allow maintenance of high and constant inoculum levels where there are small probabilities for infection by a non-specific population.
Interestingly virulence of isolates of a new population associated to S. betaceum was similar to the established clonal lineage EC-3. This result supports the idea that EC-3 is not the dominant population on S. betaceum. An intensive characterization of the population of Sb-isolates can allow determination of how these pathogens coexist on the same host. Displacement of a clonal lineage of P. infestans by a new one is a well-documented process on potato and tomato. Both crops are seasonal and in a particular area potato or tomato can be rapidly rotated or replaced by another crop. When potato and tomato are rotated, a previously nonadapted pathogenic population can adapt to the new host and begin an epidemic event. But in the case of S. betaceum, where inoculum and host are constant during a long time, the emergence of a new population cannot be explained in that way. Solanum betaceum exhibits a high diversity with landraces or semi domestic cultivars adapted to specific regions. Probably this new pathogen population is specific for a cultivar or geographic area. Pathogen-populations adapted to specific cultivars and changes in the population caused by the incorporation of new cultivars had been analyzed for P. infestans attacking potato (Sacristan & Garcia Arenal 2008) . A similar approach can be used for analyzing the pathogen populations attacking S. betaceum and develop a suitable strategy for future breeding program.
Our results showed statistically significant quantitative differences in virulence between St-isolates and Sb-isolates on two Solanum betaceum cultivars possibly resulting in host-specificity. Considering the overlapping area of these crops this host-specificity must be maintained by reproductive isolation. Occurrence of a novel haplotype from S. betaceum and its high virulence shows that clonal populations associated to each host are dynamic. Subsequent studies including more isolates and using intra-populational molecular markers are necessary, and will allow determination of possible relationships between pathogenicity and population structure.
This study only included two cultivars and a restricted number of isolates. Isolates from S. betaceum are difficult to recover and only a small proportion of them survived the isolation and purification steps. It is necessary to include a high number of isolates and a robust marker able to find intra-population variability inside clonal lineages EC-1, EC-3 and the new population Hsb-1. Association between virulence and genotype is not consistent between studies but is positive in some cases (Carlisle et al., 2002; Miller et al., 1998) . Probably EC-3 and Hsb populations can exhibit different behavior and this is a unique opportunity to analyze two different clonal populations of P. infestans competing on a heterogeneous host. In this research we have used the most broadly and commonly used cultivars, but it is possible to differentiate at least five cultivars and at least one wild-related species. Some of these cultivars are highly valued by the farmers but are highly susceptible to the disease. A future study using a larger number of isolates and cultivars would offer a broader and more clear perspective of genetic structure and virulence of P. infestans populations associated with S. betaceum. It could also allow for investigation of host-specificity between these cultivars and the determination of whether the prevalent virulence is quantitatively determined. This information could also be used to determine the resistance range of cultivars/landraces used by local farmers.
